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Evidence for grain growth in T Tauri disks  *
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Abstract. In this article we present the results from mid-infrared spectroscopy of a sample of 14 T Tauri stars with silicate
emission. The qualitative analysis of the spectra reveals a correlation between the strength of the silicate feature and its sha
similar to the one which was found recently for the more massive HerbiBeAstars by van Boekel et al. (2003). The com-
parison with theoretical spectra of amorphous olivine ([Mg;6#&),) with different grain sizes suggests that this correlation
is indicating grain growth in the disks of T Tauri stars. Similar mechanisms of grain processing appeaffézteén both
groups of young stars.
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1. Introduction performed during three observation campaigns in Februi
T Tauri stars are low mass young stellar objects with a es‘]U‘ne and December 2002 on the ESO 3.6m telescope a
young J 9 §| la. We analyse the spectra in particular with respecttoap

10 isti - -
'T’qeliaulr(i) s>t,::1.rsoigz gfs?nitilr:ealrscéigzggsTct)wfessric?ril((e)(fj tﬁfﬁ:'? ible correlation between shape and strength of the silicate
L . . ; ' i 'R '&re. Such a correlation has been recently observed for He|
diation is the accretion disk which plays a crucial role in st?(

formation by transporting material to the central star whi ¢/Be stars (van Boekel etal. 2003) and has been interpre

. i s evidence of grain processing in the circumstellar disks
angular momentum is transferred outwardsff&ent mod- those stars 9 P 9

els were proposed to bring the observed facts into a general

framework (Lynden-Bell & Pringle 1974; Adams et al. 1987;

Chiang & Goldreich 1997). Yet there remain many open ques- . )
tions concerning the details of configuration, chemistry arfd OPservations and data reduction

evolution of disks. A particular feature of the infrared speq o jhservations of the T Tauri stars were performed w
tra of such disks is the silicate band in the region from 8,\/Mi2. the Thermal Infrared Multi Mode Instrument 2
to 12_’“m' The ba_n_d originates fr(_Jm th_e_stretchmg mode ?ﬁeimann et al. 1998) installed at the 3.6 m telescope at ES
the S"_O bond ‘?f silicate m_merals I|_ke ohvmg_ ([Mg,_ES]O4), observatory at La Silla, Chile. We observed each objectin t
forsterite (MgSiOy), enstatite (MgSi@) and silica (SIQ). The 1, yes: first we used the imaging mode to obtain photome

silicate feature observed in T Tauri stars appears in emissior};lf\i1 9um (band width 1.2:m). In a number of cases in addi
well as in absorption (Cohen & Witteborn 1985). Silicate emig 1, \ve used the 8,0m filter (b;':\nd width 0.g:m). Second we

sion is assumed to emerge from a warm, optically thin digk, (.04 s ; : :

i e o pectroscopy using the low-resolution grism mc
layer (disk atmosphere) which is heated by the radiation g _ 160) with a slit width of 1.2. In both modes the sys-
the central star (Chiang & Goldreich 1997; Natta et al. 200 ém was working with chopping and nodding with an amp
Honda et al. (2003) showed that crystalline silicates are pres&lbte of 10. In our data reduction. the measurements of t

in T Tauri stars, indicating substantial grain processing. In trg ectrophotometric standards were used to determine the s
Paper we present studies on the silicate emission from a s fhe spectra, and the photometric data at }irOwere used
ple of 14 TTauri stars based on mid-infrared SPECIrOSCORY esiablish the absolute flux level. The spectrum of the

Send gprint requests toF. Przygodda, e-mailirzygodda@mpia . de mospheric extinction, which is needed to perform the first

* Based on observations made with the ESO 3.6m TelescopelR#se steps, was determined from observations of standard
the La Silla Observatory under program ID 68.D-0537(A), 69.C-0268 different airmass. We regularly observed standard star:
and 70.C-0544. monitor variations in atmospheric transmission. The flux di
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Table 1.List of observed sources with the silicate feature in emission. ° " ;c T e
° continuum fit -
Object Fluxat Observed Multiple ISOPHOT 4 .
11.9um  atRun®  Source®  spectrum &*”&.‘ )
(y) available S0 ST mun'n.fti

AK Sco 21 B * * - ’ ":\
AS 205 8.4 B * ? "%
CR Cha 0.8 Cc s T
DR Tau 2.0 c * gl
GG Tau 0.8 Cc * .
GW Ori 6.3 c *
Glass | 8.8 AB,.C * * T som - T2
Haro 1-16 0.9 B ol cominuum it ===
HBC 639 2.3 A sl 7 VR
RU Lup 2.4 B ~ ol .._‘? j’f::’
S CrA 5.1 B * * s @D@cﬁ
SU Aur 3.6 C * 8 b
TW Hya 0.6 C 2t
WW Cha 5.3 B.C * 1|

& A:5.46. Feb. 2002, B: %8. Jun. 2002, C: 24.-27. Dec. 2002. O s e % u 1 13 -

b For AS 205 and S CrA we were able to obtain separate spectra of lambda (um)

the components. Fig. 1. Comparison of TIMMI2 and ISOPHOT data for two objects.

The combined data were used to estimate the continuum by fitting a
second order polynomial to the data points left pf8 and longwards
of 12.8um.

for the spectrophotometric standard stars, (based on mOdeIEQK/ing continuum level to determine the continuum normal-
Cohen 1998), were taken from ESO’s TIMMI2 webpage. ized spectra; these are shown in Fig. 2

In total we observed 21 T Tauri stars with the silicate fea-
ture in emission. We selected the 14 objects for which the sj- . .
icate feature was measured with a signal-to-noise ratio bel"#elAnalySIS of the silicate feature
than 2 (see Table 1). Several of these are known to be binaryree spectra in Fig. 2 show a variety in strength and shape. In
multiple systems. In two cases we were able to obtain separédéne spectra (AK Sco, Haro1-16, CR Cha) a strong silicate
spectra of the components. The remaining 7 sources (DO Tathission with a peak near 9:8n is visible. In other cases
DQ Tau, FU Ori, BBW 76, VZ Cha, VW Cha, Sz 82) were defRu Lup, DR Tau, HBC 639), the silicate emission is weaker
graded by noise to the extent that a meaningful spectral analygi@ the profile looks more like a plateau. It is known that
was not possible. For some stars the observations were repegiiedshape of the band is stronglffexted by the chemical
to verify the results. composition and in particular by the size of the dust grains

For our studies we assumed that the continuum outsiddenning et al. 1995; Bouwman et al. 2001). A correlation be-
of the silicate band is actually reached at the edges of dween strength and shape of the silicate emission could be ex-
measured spectral range (at & and at 13.Qum). This pected if there are systematic changes in particle size within
assumption is supported by comparison of our spectra wifte group of objects.
ISOPHOT spectraAbraham et. al 2003 in prep, see also To estimate the strength of the silicate emission, we use the
Natta et al. 2000). Figure 1 illustrates this for two exampleBeak of the continuum normalised spectrum. For the charac-
Here, the continuum was estimated by fitting a second ordefisation of the band shape we measured the continuum sub-
polynomial to all data points shortwards ofuéh and beyond tracted flux at two wavelengths, 11.3 and @m8. The flux ratio
12.8um. Note that the fitted curve is matching the ends of tifer these wavelengths can be interpreted as a indicator for the
TIMMI2 spectra and has an almost linear characteristic ov@fain size composition following Bouwman et al. (2001). They
the range of the silicate feature. Since we were not able to fipgint out that (see Fig. 3)
such additional data of good quality for all objects of our sam-
ple, we estimated the continuum level within the silicate feature
by a linear interpolation between the end points of the TIMMI2
spectra at 8.2m and at 13.Qum, where the values for these
end points were obtained by averaging over the data over an
interval of 0.2um. The continuum level determined this way
agreed with the second order fit, where available, to typically To preserve the shape of the emission feature we define:
+10%. For all sources we consistently used the derived lineaFym(1) = 1 + [Fiotai(1) — Feontinuun{A)]/{ Feontinuun-

the mid-infrared absorption ciient of small amorphous
olivine dust grains (with a size of 04m) has a triangular
shape with the maximum at 9.8n. This spectrum is com-
patible with observations of the silicate emission of unpro-
cessed dust of the ISM (see also Bowey et al. 1998);




F. Przygodda et al.: Evidence for grain growth in T Tauri disks L.

351 AK Sco 35 Haro 1-16 35+ GW Ori 351 CR Cha
3 3 3 3
25 25 25 25
2 2 2 2
15 A//'// 15 N/ 15 / 15 W
1 1 1 1 WA
8 9 10 11 12 13 8 9 10 11 12 13 8 9 10 11 12 13 8 9 10 11 12 13
35 TW Hya 35 Glass | 351 SU Aur 351 GG Tau
3 3 3 3
25 25 25 25
2 2 2 2
15 15 // 15 15
1 M 1 1 H/V\/ 1 W NW/\J\‘
8 9 10 11 12 13 8 9 10 11 12 13 8 9 10 11 12 13 8 9 10 11 12 13
35 WW Cha 35 AS 205 SW component 35+ S CrA SE component 35+ DR Tau
3 3 3 3
25 25 25 25
2 2 2 2
15 % 15 % 15 15
8 9 10 11 12 13 8 9 10 11 12 13 8 9 10 11 12 13 8 9 10 11 12 13
35 HBC 639 35+ AS 205 NE component 35+ RU Lup 35+ S CrA NW component

3 3 3 3
25 25 25 25

2 2 2 2

15 M 15 15 15
1 % if % vl % L i I i,
9 10 11 12 13

8 8 9 10 11 12 13 8 9 10 11 12 13 8 9 10 11 12 13

lambda fm)

Fig. 2. Continuum normalized spectra of our sample ordered by the strength of the silicate feature. The shape of the feature is s
correlation with the strength. Stronger features have a triangular shape with a pronounced peakmeawri®il8 weaker features are more
plateau-like. The gap from 9.15 to 9.68 in most of the spectra is caused by a broken channel of the TIMMI2 detector.

olivine OAl‘um grains
olivine 2.0 pm grains - 7

the absorption cross section per unit mass of large grains i
general smaller than that of small grains of similar shape,
emission of large grains is in general expected to be wee
than that of small grains.
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Our observations suggest that most observed mid-infra
spectra of young low or intermediate mass stars can be ¢
acterised simply by emission corresponding to the two gr;
sizes covered in Fig. 4. We note that the ratio of absorption
efficients at the wavelengths of 11u and 9.8:m as function
. 5 1 1 1 3 of grain size varies from 0.43 (for 04dm grains) to about 1.0

lambda (um) (2.0 um grains). Therefore, the ratio of the (continuum su

Fig. 3. Theoretical spectra of olivine dust with grain sizes of o tracted) flux at 11.m over that at 9.fm should be a mea-

and 2.0um (from Bouwman et al. 2001). The points at %@ and SU"® of the grain size. In Fig. 4 we plotted this ratio agair

11.3um are visualizing the dependence of the flux ratio at these watB€ Strength of the silicate feature. The distribution of the d:
lengths on the grain size. points shows a clear correlation. Strong silicate features h

11.39.8 flux ratios down to 0.53 (for CR Cha), while wea
features exhibit higher ratios up to about 1.0 (in case of 1

— the mid-infrared absorption cfiigient of larger amorphous S CrA NW-component even 1.42). The remaining points &

olivine dust grains shows a plateau-like shape in the rangi§tributed over the range between these two extremes. Th
from 9.5 to 12um. ror bars quoted in Fig. 4 take into account the signal to no

of the observations, and the uncertainty in the continuum
Assuming a dust temperature of around 300K, the blackboiiiyate. A weighted linear fit to the data points with the rel,
thermal emission will not vary very much over our wavelengttion y = a — bx, where x is the strength of the feature ar
band, and the silicate emission profiles would have a shapéhe flux ratio, gives the cdigcients:a = 1.11 + 0.11 and
quite close to the shape of the absorptionfioents. Since b = —0.16+ 0.04. A very similar correlation between strengt

absorption coeff. (103 cng'l)
I
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' ' ' ' ' grains, with a spectrum very similar to the dust of the 1ISM
14 + S CrA NW q . . . -
and b) large amorphous dust grains with a possible addition
® of crystalline silicate. If we think of theseftierences in terms
o 12r q . .
2 of evolution, then the reason for theffdirence between these
a two dust types could be either the removal of the small grains
E ir %wya 1 from the upper disk layers or the coagulation of small grains
£ e T ot to larger ones. A removal of small dust grains by pure settling
S o8t A hos e %ﬁ{m 1 tothe mid-plane of the disk is unlikely to explain the observed
g ASZ%.% kind of differentiation since the settling time for larger grains is
© 06¢r } ! 3w 1  shorter than for the smaller ones. A further mechanism which
crche 4 could be responsible for the vanishing of small grains is by the
04t 1 radiation pressure of the central star. A star of solar luminosity
1 15 5 o5 3 - would be quite fective in removing tenth micron sized parti-
feature strength [max (Fporm)] cles. But in this case, a permanenffdsion of particles from

@e mid-plane on shorter time scales should avoid a significant
crease of the amount of small particles in the upper layer
gakeuchi & Lin 2003). Theféect of coagulation is a possible

explanation, if constructive collisions to larger grains dominate
over destructive collisions which produce again small grains.

B L This should be the case in T Tauri disks where the SED can be
and shape of the silicate emission was found by van Boe%@é” fit by gas-rich disks in hydrostatic equilibrium.

et al. (2003) for isolated Herbig /e stars, with cofficients A, interesting detail of our studies is the availability of sep-

ofa=1482+009,b= 028+ 0.04. arate spectra from the components of two binary T Tauri sys-
Emission by Polycyclic Aromatic Hydrocarbons (PAHS) g g (AS 205 and S CrA). We observed significafiiedlences
11.3 um does not appear to be a problem for our data Sgf.qirength and also fierences in the shape of the silicate band
There was no ewd_ence for PAH emission in our o_bserved SPEFfhe components, with the secondary having the — relatively —
tra nor in the available ISOPHOT-S spectra. This absencesﬂjonger emission. Since the components presumably have the

PAH emission is not unexpected, since one can assume thalliee e the fierence must have other reasons than the evo-
UV radiation of T Tauri stars normally is too weak to cause Iﬁtionary state of the stars

significant excitation of PAH (Natta & Kruegel 1995).

Fig. 4. Correlation between the strength of the silicate feature a
the ratio of the (continuum subtracted) fluxes at Jdn8over that at
9.8um. The strength is defined by the maximum of the silicate featu
over the continuum.
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